The two positive cis elements in the soybean nodulin N23 gene promoter were investigated in transgenic Lofus corniculatus plants and shown to constitute a two-component nodule-specific enhancer. Equal quantitative contributions from the two components were suggested by the similar expression level of chimeric N23-chloramphenicol acetyltransferase genes after deletion of either the dista1 positive element (PE-A, -320 to -298) or the proximal positive element (PE-B, -257 to -165). A combined effect of the two elements was indicated by orientationdependent effects in the N23 promoter, and by the observation that neither PE-A nor PE-B separately was able to confer any activity to the cauliflower mosaic virus 35s minimal promoter. Reactivation of the minimal N23 and the minimal cauliflower mosaic virus 35s promoters by the inverted complete element (PE-AB) further suggested that PE-AB is a nodule-specific enhancer containing two equally strong enhancer components. Two 12-bp sequence motifs, lnvA and InvB, constituting an inverted repeat, were identified as the core of the enhancer components PE-A and PE-B, respectively. Point mutations in lnvA or lnvB resulted in lower expression levels and mutations in both abolished enhancer activity. Point mutations in two nodulin consensus sequences, 5'-CTCTT and 5'-AAAGAT located downstream of PE-AB, resulted in a decreased level of expression, confirming the involvement of these two motifs in nodulin gene expression. The binding site for the nodule-specific frans-acting factor, NAT2, present in the PE-A segment, was removed without affecting expression significantly. This interaction is, therefore, dispensable for enhancer activity.
INTRODUCTION
In eukaryotes, initiation of transcription is regulated by protein factors that recognize and bind to cis elements. The widely conserved motifs, the TATA box and the CAAT box, constitute a basic promoter that ensures correct transcription initiation on nuclear genes by RNA polymerase II. In addition, many eukaryotic promoters contain cis elements responding to environmental and developmental changes, thereby directing selective expression of the relevant gene (see Kuhlemeier et al., 1987; Maniatis et al., 1987; Benfey and Chua, 1989 , for reviews). In legumes, formation of nitrogen-fixing nodules after invasion by bacteria of the genus Rhizobium or Bradyrhizobium initiates a developmental process where specific cis elements direct patterns of temporal and spatial expression of specific host genes (see de Bruijn et al., 1990; Nap and Bisseling 1990 , for reviews). Severa1 genes encoding polypeptide nodulins involved in nodule morphogenesis and function are selectively expressed. Genes for "early nodulins" involved in the infection process and nodule formation are induced soon after invasion. Later in development, "late ' To whom correspondence should be addressed.
nodulins" like the oxygen carrier leghemoglobin are synthesized.
In soybean, the late nodulin N23 is associated with the peribacteroid membrane surrounding bacteroids in the invaded plant cells (Jacobs et al., 1987) . The N23 gene is a member of a gene family including genes N44, N20, N22 , and N26b (Jacobs et al., 1987) . The function of the corresponding proteins is not known, but all contain a conserved putative metal binding domain that seems to be important for their function . Both the N23 and the leghemoglobin gene families in soybean are expressed at a high level in root nodules.
In the growing nodule, a low level of transcripts from the leghemoglobin genes is detectable 4 days before the N23, N44, and N20 transcripts (Marcker et al., 1984; SenguptaGopalan et al., 1986; Jmrgensen et al., 1988) . A large increment in leghemoglobin transcription at about day 12 postinfection coincides with the induction of the N23 family of genes. Other late nodulins are also induced at this developmental stage, indicating a common regulatory mechanism for late nodulin expression. To investigate this mechanism, promoter regions from the soybean leghemoglobin c3 (lbc3) and the N23 genes were analyzed for cis-acting regulatory elements (Stougaard et al., 1986 (Stougaard et al., , 1987 (Stougaard et al., , 1990 Jargensen et al., 1988) and interacting transacting factors (Jensen et al., 1988 ) (for review, see de Bruijn et al., 1990) . cis analysis revealed upstream positive elements (Stougaard et al., 1987; Jorgensen et al., 1988) , promoter proximal organ-specific elements (Stougaard et al., 1987 (Stougaard et al., , 1990 , and, in the case of lbc3, a negative element overlapping the basic promoter (Stougaard et al., 1987) . Currently, the only well-defined conserved sequences in these gene promoters are the nodulin consensus motifs 5'-CTCTT and 5'-AAAGAT located in the organ-specific element Stougaard et al., 1987) . A similar promoter organization with upstream positive elements and organ-specific control elements overlapping or in proximity of the basic promoter was also found in the Sesbania rostrata leghemoglobin glb3 gene promoter (Szabados et al., 1990) .
trans-Acting factors interacting with described cis elements were identified in gel retardation experiments using restriction fragments from the promoter regions. Interaction of a nodule-specific factor, NAT2, a root/nodule factor, NATI, and a leaf high-mobility group protein, LATI, was demonstrated at several AT-rich sequences in upstream regions of the soybean N23 (Jacobsen et al., 1990 ) and lbc3 genes (Jensen et al., 1988) . NAT2 also interacts with the S. rostrata glb3 (de Bruijn et al., 1989 ) and the bean nodule-specific glutamine synthetase (Forde et al., 1990) gene promoters. The weak positive element of the soybean lbc3 promoter and a positive element in the S. rostrata glb3 promoter includes binding sites for the NAT2 factor, whereas one of the positive elements in the soybean N23 promoter includes binding sites for NAT2 and LAT1.
In the N23 promoter, two positive elements are located at positions -344 to -298 (PE-A) and -257 to -165 (PE-B) (Jargensen et al., 1988) . PE-A contains three putative sequence motifs for positive regulation. First, there is the AT-rich stretch between -344 and -329 that binds the nodule-specific protein factor NAT2 (Jacobsen et al., 1990) . Second, there is a 5'-CTCTT motif located at position -325 to -321. Previous experiments suggested that this motif is significant for high-leve1 organ-specific expression from the N23 promoter (Stougaard et al., 1990) . Third, PE-A contains one part of an almost perfect 12-bp inverted repeat lnvA (5'-ACATCCCTTTGT), which has only one mismatch compared with lnvB (5'-ACAAAGGGTTGT), present in PE-B. Because inverted and direct repeats play an essential role for quantitative as well as qualitative regulation of several other plant genes (Ellis et al., 1987; Chen et al., 1988; Bustos et al., 1989; Mitra and An, 1989) , the InvA/lnvB inverted repeat constitutes a putative positive element and/or organ-specific element in the N23 gene promoter.
We have used transgenic Lotus corniculatus plants containing chimeric N23-chloramphenicol acetyltransferase (CAT) genes to investigate the qualitative and quantitative contributions of PE-A and PE-B to the nodule-specific expression. Point mutation experiments were designed to determine the functions of lnvA and lnvB as well as the two putative nodulin consensus sequence motifs 5'-CTCTT and 5'-AAAGAT present in the defined organspecific box (Stougaard et al., 1990) at positions -126 to -122 and -93 to -88, respectively . The results suggest that the nodule-specific expression of the N23 gene is regulated positively by the inverted repeat InvA/lnvB in combination with the two nodulin consensus motifs 5'-CTCTT and 5'-AAAGAT.
RESULTS
The chimeric N23-CAT reporter genes were transferred into L. corniculatus plants using Agrobacterium rhizogenes AR1 9 (see Methods), which contains a cauliflower mosaic virus (CaMV) 35S-/3-glucuronidase (GUS) construct as a constitutively expressed marker gene. CAT activity was monitored in roots and nodules from six to 10 GUS' plants of each line. The uncoordinated expression of reporter and marker genes did not allow the use of GUS activity for normalization of CAT gene expression.
Definition of PE-A
The dista1 positive element, PE-A (-344 to -298), was previously described as the strong positive element of the N23 promoter (Jargensen et al., 1988) . Removal of this region in a 5' deletion reduced expression from full level to about 15%. Within its primary sequence, three potential motifs for regulation of expression level and/or specificity can be recognized, as shown in Figure 1 . First, a binding site for the nodule-specific protein factor NAT2 (Jacobsen et al., 1990 ) is found from -344 to -329, then a nodulin consensus 5'-CTCTT motif follows at position -320 to -325. Further downstream, one part of an inverted repeat, lnvA (5'-ACATCCCTTTGT), is located at position -308 to -297, and is therefore almost completely included in PE-A. The presence of the corresponding inverted part, InvB, in the proximal positive element, PE-8, suggested that lnvA might constitute the core of PE-A.
To test the significance of the NAT2 binding site as well as the 5'-CTCTT motif, a deletion mutant, A(-320), was created at the unique Fokl site in PE-A. The A(-320) plant lines showed no significant decrease in CAT activity compared with the full-length promoter shown in Figure 2A . This observation strongly suggests that neither the 5'-CTCTT motif nor the NAT2 binding site contributes significantly to the effect of PE-A and delimited PE-A to position -320 to -298, leaving lnvA as a major candidate for a positive regulatory element. The start codon ATG and TATA box are indicated by the dashed lines. The nodulin consensus motifs 5'-CTCTT and 5'-AAAGAT are underlined with one bar; lnvA and lnvB are underlined with two bars. Positions are indicated relative to the major cap site of the original N23 promoter (Wong and Verma, 1985) .
Quantitative Contribution of PE-B
A 5' deletion analysis previously defined the proximal positive element, PE-B (-257 to -165), as a weak positive element, conferring only 15% of full expression to the almost silent minimal (-1 65) N23 promoter (Jmrgensen et al., 1988) . The presence of lnvB in PE-B indicated that this interpretation might not be correct and that removal of PE-B by an internal deletion would show an effect identical to the removal of PE-A. To test this hypothesis, an internal deletion A(-286 to -1 65) ( Figure 2A ) was constructed to remove PE-B entirely from a fully active -344 promoter. The subsequent decrease in CAT activity to 15% of full expression in A(-286 to -165) plant lines was similar to the decrease in A(-298) lines containing the 5' deletion of PE-A (Figure 2A ), indicating that PE-A and PE-B contributed equally to the level of expression.
Qualitative Contribution and Relative lnterdependence of PE-A and PE-B
The qualitative contributions of PE-A and PE-B were analyzed by combining the two elements in front of the CaMV 35s minimal promoter ( Figure 2C ). The fragments (-344 to -286) that included PE-A and (-257 to -175) PE-B were, in the correct order and orientation, able to confer nodule-specific expression to the CaMV 35s minimal promoter (2E12). Accordingly, PE-AB can be regarded as a positive nodule-specific element. The level of expression from PE-AB was comparable with the activity from a control construct containing the complete CaMV 35s promoter sequence. This result was confirmed by a similar expression level observed from constructions D1-3 and D1-5 containing the uninterrupted PE-AB sequence in opposite orientations. The relative interdependence of PE-A and PE-B was investigated by placing the two elements in different combinations in front of the N23 and CaMV 35s minimal promoters ( Figures 2B and 2C ). None of the elements was able separately to confer any expression to the CaMV 35s minimal promoter (E21 8 and E404), confirming the high degree of interdependence already demonstrated by the deletion mutant experiments. Inversion of PE-A relative to PE-B (2E3 and C8-7) reduced CAT activity approximately fivefold compared with constructions containing PE-A in the correct orientation (2E12 and C8-4). This lower expression level may reflect the loss of a stem and loop structure that might be formed by lnvA and lnvB placed in proper orientation. Otherwise, the simple repositioning of lnvA relative to lnvB could cause this effect.
Enhancer Properties of PE-AB
According to the definition of an enhancer element, it is possible to invert the enhancer sequence without changing its effect on the expression level. The N23 positive element PE-AB was tested for this particular enhancer property ( Figures 2B and 2C ) by inverting the complete PE-AB region (-344 to -175) in front of the minimal (-165) N23 promoter (CI-4) and the CaMV 35s minimal promoter (Dl -5). Both promoter constructions preserved the nodulespecific CAT activity. It is notable that the inverted PE-AB directed a somewhat lower expression level than did the correctly oriented PE-AB fragment in front of the N23 minimal promoter (Cl-3). The opposite effect was obvious in front of the CaMV 35s minimal promoter, where inversion of PE-AB caused a significantly higher expression level than a correctly oriented PE-AB fragment (DI-3). These opposite results might have been caused by position effects because C1-3, which resulted in a full level of expression, was the only promoter construction that contained PE-AB in its original position. Furthermore, the changed surroundings in the hybrid promoters of D1-3 and D1-5 might have influenced the enhancement of expression. Nevertheless, the significant observation in these experiments is that the inversion of PE-AB preserved the nodule-specific enhancer activity. One of the enhancer properties, therefore, can be assigned to PE-AB. It remains to be investigated whether this element will be able to direct high-leve1 gene expression when moved further away from the transcription start or even downstream of the coding region. 
Additional Delimitation of PE-A and PE-B
Attempts to reduce PE-A and PE-B toward the lnvA and lnvB elements resulted in significantly lower nodule-specific CAT activity ( Figure 28) . As an example, a fragment containing the intact sequences of lnvA and InvB in correct order in front of the N23 minimal promoter (C8-4) lowered the expression leve1 to approximately 25% of full activity.
This observation either indicates requirement for additional cis elements present in the deleted sequences or reflects an effect of changes in the mutual positions of PE-A and PE-B. To determine further the importance of the inverted repeat, point mutations were introduced into the lnvA and lnvB sequences of the complete -91 5 promoter.
Point Mutations in lnvA and InvB
To introduce mutations into the full-length promoter of N23, an oligonucleotide-directed mutagenesis was performed (as described in Methods) using oligonucleotides with base substitutions in the sequences corresponding to InvA and InvB.
Five point mutations were introduced into lnvA and InvB, as shown in Figures 3 and 4 . Because of the relatively high number of guanines and cytosines in lnvA and lnvB compared with the rest of the N23 promoter, the selected base substitutions were from guanine and cytosine to adenine or thymidine, as shown in Figure 3 . Three mutant promoters, M967 (containing Mut-InvA), M966 (containing Mut-InvB), and M9676 (containing both Mut-lnvA and Mut-InvB), were constructed. Expression of CAT activity from mutant promoters was compared with activities from comparable deletion mutants. M9676 plants barely expressed detectable CAT activity, as was the case with A(-1 65) lines without PE-AB (Figures 2A and 4) . The M966 promoter-mutant decreased CAT activity to 15% of normal activity, as observed with the interna1 deletion A(-286 to -165) without PE-B. Exactly half the analyzed M967 plant lines showed the 15% of full nodule-specific expression that could be expected from previous investigations of the 5' deletion A(-298) without PE-A. The remaining lines showed a surprisingly high expression rate. Currently, there is no obvious explanation for the high expression rate in these lines. This observation questioned the significance of lnvA in nodule-specific gene expression. The Mutated sequences are shown below the original sequences. Positions are indicated with respect to the major cap site of the original N23 promoter (Wong and Verma, 1985) . Underlining indicates the single mismatch between lnvA and InvB. (Wong and Verma, 1985) . Activities from the CAT reporter gene are given as average values for nodules and roots from approximately 10 plant lines representing each construction.
effect of InvA, however, was very clear in the M9676 lines because the only difference between M966 and M9676 is the mutated lnvA motif in M9676. Redundancy of lnvA would have resulted in similar expression levels of the M9676 and M966 lines. These observations strongly indicate that lnvA and lnvB can be regarded as the core of a two-component nodule specific enhancer element.
Contribution of the Putative Nodulin Consensus Motifs
Two short sequence motifs, 5'-CTCTT and 5'-AAAGAT, are present in the immediate 5' upstream region of described nodulin gene sequences . Accordingly, these motifs might be involved in the nodulespecific expression from the N23 promoter as well as from the lbc3 promoter. In both cases, nodule-specific expression was regained when silent deletion mutants, including the nodulin consensus motifs, were reactivated with the (-343 to -90) CaMV 35s enhancer (Stougaard et al., 1987 (Stougaard et al., , 1990 ).
To confirm their critical role in nodule-specific gene regulation, mutations were introduced into the 5'-CTCTT and 5'-AAAGAT sequences in the N23 promoter ( Figures  3 and 4) . Single base mutations Mut-G and Mut-T created the sequences 5'-CTGTT and 5'-AAATAT, respectively, whereas the totally mutated sequences Mut-Totl and Mut-Tot2 completely substituted the two consensus motifs (Figure 3) . None of the single base mutations led to significant changes in nodule-specific expression level (M516-12, M516-I 3, and M516-19), whereas the promoters of M2 (containing Mut-Totl) and M1 (containing both Mut-Totl and Mut-Tot2) resulted in a significant drop in CAT activity in nodules. In agreement with previous reactivation experiments (Stougaard et al., 1990) , elimination of the 5'-CTCTT sequence alone was enough to cause a reduced expression level. Although a further minor decrease in CAT activity in the M1 plant lines was observed, it remains an open question whether the 5'-AAAGAT sequence and the 5'-CTCTT sequence are of equal importance for expression. The conservation of both these motifs in nodulin gene promoters, however, suggests that this is indeed the case.
Removal of both 5'-CTCTT and 5'-AAAGAT in M1 plant lines did not completely eliminate nodule-specific expression, and this effect was not as drastic as the mutation of lnvA and lnvB in the M9676 construct. This confirmed the ability of lnvA and lnvB to direct nodule specificity and assigned this inverted repeat as a major positive element compared with the effect of the 5'-CTCTT/5'-AAAGAT arrangement.
The very low expression level observed in plant lines harboring the M9676 construct was not detectable in lines containing the MMI and MM2 constructs, which contained, in addition to Mut-lnvA and Mut-InvB, the highly mutated Mut-Totl and Mut-Totl and Mut-Tot2, respectively. This confirmed that the 5'-CTCTT and the 5'-AAAGAT sequences constitute an additional positive nodule-specific element.
In summary, the mutation experiments indicate that the nodule-specific expression from the N23 promoter is directed by InvA/lnvB in combination with 5'-CTCTT/ 5'-AAAGAT, where the latter motifs seem to be of less importance than the combination of InvA/lnvB.
DISCUSSION
lnvestigation of the soybean nodulin N23 gene promoter revealed that four sequence motifs, located fairly close to one another, direct the full-leve1 nodule-specific expression of a CAT reporter gene. All four motifs were qualitative elements, directing organ-specific expression. The inverted repeat InvA/lnvB constituted a strong positive element that exhibited some characteristics of an enhancer element. The nodulin consensus arrangement, 5'-CTCTT/ 5'-AAAGAT, which in itself is not able to express the reporter gene, was dependent on InvA/lnvB and acted to assure the full nodule-specific expression level. This is in agreement with previous investigations demonstrating interdependent regulatory elements in other nodulin genes (Stougaard et al., 1990; Szabados et al., 1990) . The experimental approach did not allow identification of negative elements. Therefore, the presence of one or more negative elements in the N23 promoter cannot be excluded.
The N23 gene is a member of a small nodulin gene family that includes the N44, N20, N22 , and N26b (Jacobs et al., 1987) genes. lnvA and lnvB are present in the 5' flanking regions of the N23 and N44 genes, whereas the N20 and N22 genes do not have these motifs in the sequenced part of the 5' regions (positions -532 and -463, respectively). As previously noted, all genes contain the 5'-CTCTT/5'-AAAGAT arrangement in appropriate positions. The 5' flanking region of N26b has not been sequenced, but we predict that this gene also contains the lnvA and lnvB arrangement because further analysis of the gene family suggested that the N23, N44, and N26b genes belong to the same evolutionary subfamily, whereas the N20 and N22 genes are members of another subfamily Richter et al., 1991) . The positive elements in the gIb3 gene promoter diverge from the N23 PE-AB and the Ibc3 strong positive element (SPE) by their ability to direct positive regulation in roots (Szabados et al., 1990) . The inverted repeat InvA/lnvB is also not present in this promoter. Some less conserved lnvA and lnvB sequences are located in the far upstream region of the Ibc3 promoter, which does not seem to influence the nodule-specific expression level. Although PE-AB from the N23 gene promoter directs organ specificity like the strong positive element from the soybean Ibc3 promoter (Stougaard et al., 1990) , no obvious sequence homologies are noticeable between Ibc3-SPE and N23-PE-AB, and it is not possible to locate any obvious inverted repeats in the Ibc3-SPE. The PE-AB enhancer, therefore, cannot be compared directly with the previously assigned lbc3-SPE (Stougaard et al., 1987) . However, it is still possible that the Ibc3-SPE is also composed of multiple components. The lack of significant InvA/lnvB arrangements in the promoters of the Ib genes and even in the closely N23-related N20 and N22 genes suggests that the elements regulating the nodule-specific expression of the late nodulin genes exhibit a larger diversity than suggested by their similar induction kinetics.
The delimitation of PE-A (-320 to -298) and the subsequent mutation-based assignment of lnvA as the core of PE-A excludes that the NAT2 binding at -344 to -330 (Jacobsen et al., 1990 ) is responsible for the high-leve1 expression directed by PE-AB, as was previously proposed based on the presence of similar binding sites in the soybean lbc3 (Jensen et al., 1988) and bean glutamine synthetase (Forde et al., 1990) promoters. Furthermore, removal of binding sites 1 and 2 from the soybean lbc3 promoter did not lead to a changed expression level (Stougaard et al., 1990) . Jacobsen and co-workers (1990) argue that the NAT2 binding site can be replaced by several putative NAT2 binding sites located further upstream in the N23 promoter and that the importance of NAT2 binding activity for nodule specific expression, therefore, cannot be excluded. However, the 5' deletion A(-320) does not leave any obvious NAT2 binding sites in the N23 promoter region; therefore, this suggestion can only be supported if a binding site elsewhere in the surrounding regions can replace the deleted site.
The mechanism by which lnvA and lnvB regulate expression is not immediately obvious. Their inverted correspondente and the mutual orientation dependency suggest that a stem and loop formation might occur to connect lnvA and InvB. The decrease in expression level caused by inverting PE-A could also be a consequence of the reposition rather than the inversion of InvA. Thus, the possibility of one or more protein factors binding separately to lnvA and lnvB without causing loop formation cannot be excluded.
Protein-DNA interaction at an inverted repeat was observed previously by the binding of the GBF factor to the G-box present in a number of different plant gene promoters, including the alcohol dehydrogenase gene from Arabidopsis (McKendree et al., 1990) , the chalcone synthase gene from snapdragon (Staiger et al., 1989) , and several of the ribulose-l,5-bisphosphate carboxylase small subunit (RBCS) genes (Gilmartin et al., 1990; Schindler and Cashmore, 1990) . Unlike lnvA and InvB, the inverted repeat in the G-box constitutes a palindrome. This is also the case for the octopine synthase (ocs) enhancer, which constitutes a 16-bp palindrome in the ocs promoter (Ellis et al., 1987) . The ocs trans-acting factor has two binding sites, one in each half of the palindrome. To make this complex function as an enhancer, both binding sites must be occupied (Tokuhisa et al., 1990) . The strong mutual interdependence of lnvA and lnvB indicates that the enhancement of the ocs and the N23 gene expression could operate by analogous mechanisms. In contrast, a lesser degree of mutual interdependence between two positive elements was found in the nopaline synthase promoter (Mitra and An, 1989) , where the downstream element was more important than the distant upstream element of an 8-bp inverted repeat.
The importance of guanines and cytosines for enhancement of expression by the relatively GC-rich lnvA and lnvB elements was confirmed by base mutation experiments (Figures 3 and 4) . It is noteworthy that no enhancement occurred in the M9676 plant lines, although the mutated lnvA and lnvB motifs still constitute an inverted repeat in these lines. Another 12-bp GC-rich stretch is directly as well as invertedly repeated several times in two positive elements, PR-1 and PR-2, within the distal upstream region of the chlorophyll a/b-binding protein (Cab-E) gene promoter from Nicotiana plumbaginifolia (Castresana et al., 1988) . The regulatory activity of PR-1 and PR-2 shares some similarities with the N23 PE-AB because they are strongly dependent on proximally located light regulatory elements in the Cab-E promoter. Although proximal qualitative elements might exhibit some positive effects on the gene expression level, their regulatory activity often seems to depend upon stronger positive elements with which they interact to potentiate expression (Walker et al., 1987; Fang et al., 1989) . Likewise, the nodulin consensus motifs 5'-CTCTT and 5'-AAAGAT show nearly no independent ability to direct nodule-specific transcription. However, they do play a significant role by increasing the transcriptional activity of the distal positive element, PE-AB.
Whereas the PR-1 and PR-2 elements from the Cab-E promoter seem to act only by stimulating the expression level, the positive elements of the p-conglycinin a-subunit gene, containing four GC-rich 6-bp direct repeats, constitute a tissue-specific and temporally regulating enhancer (Chen et al., 1986 (Chen et al., , 1988 . This enhancer as well as the enhancer from the light-regulated rbcS-3A gene promoter, which confers both light-regulated and organ-specific expression to a reporter gene (Aoyagi et al., 1988) , resemble PE-AB in being multiqualitative plant gene enhancers.
The interplay of several cis elements occurs in various plant gene promoters (Benfey and Chua, 1989; Goldberg et al., 1989; Bruce and Quail, 1990; Gilmartin et al., 1990) . Whereas in most cases it is possible to distinguish between qualitative and quantitative elements, the results presented here suggest that the individual elements in the N23 promoter exhibit a combined effect on the reporter gene. A similar arrangement is found in the 16 gene promoters (Stougaard et al., 1990; Szabados et al., 1990) . Consequently, the cis elements of the late nodulin gene promoters are part of complex promoter structures in which the characteristics of the individual cis elements are strongly influenced by the neighboring elements.
METHODS

Nucleic Acid Manipulation
Standard techniques for DNA manipulations were used as described in Maniatis et al. (1982) . DNA-modifying enzymes were purchased from Boehringer Mannheim, Mannheim, Germany, Stratagene, Heidelberg, Germany, and New England Biolabs, Beverly, MA, and used according to the manufacturers' instructions.
Construction of Chimeric N23-CAT Genes
5' deletion mutants in the 5'-N23-CAT-3' lbc3 gene were produced by Ba131 digestion as described by Jmrgensen et al. (1 988) or by cleavage at endonuclease restriction sites as indicated in Figure 2 . Fragments with cohesive ends were refilled with DNA polymerase I (Klenow fragment). All constructions were subcloned into the plV1 O integration vector (J. Stougaard, unpublished data) that carries the spectinomycin and streptomycin gene for selection after transfer to Agrobacterium rhizogenes. The CaMV minimal (-90) 35s-CAT fusion (Stougaard et al., 1990) was used for the hybrid promoter constructions. All constructions were checked by sequencing using the United States Biochemical Corporation (Cleveland, OH) Sequenase kit, version 2.0, on denatured doublestranded plasmids (Hattori and Sakaki, 1986) .
Oligonucleotide-Directed in Vitro Mutagenesis
Chimeric 5'-N23-CAT-3' lbc3 genes carrying mutations in the N23 promoter region were created using the second version of the Amersham oligonucleotide-directed in vitro mutagenesis system following the manufacturer's instructions. A fragment containing the (-915) N23 promoter region was subcloned into an M13-mpl8 vector. Oligonucleotides were annealed onto the M13 single-stranded template, and DNA polymerase I (Klenow fragment) completed duplication. The original DNA strand was nicked at a unique Ncil site and subsequently removed by exonuclease 111 digestion. DNA polymerase I duplicated the mutated strand, and the double-stranded plasmids were transformed into TGl cells to produce M13 phages carrying the mutated genes in a singlestranded form. All mutants were checked by sequencing of the single-stranded M13 DNA. The mutated N23 promoter fragments were subcloned into a CAT-3' lbc3 cassette in the plVl0 integration vector to reconstitute a chimeric 5'-N23-CAT-3' lbc3 gene.
Transformation of Plants
Chimeric N23-CAT genes were transferred to A. rhizogenes as described by Van Haute et al. (1983) . Transgenic Lotus corniculatus plants with transformed hairy roots on untransformed shoots were produced according to Hansen et al. (1989) using strain AR1 9 of A. rhizogenes. AR1 9 carries 35s-GUS in the left T-DNA region (TL segment) and is analogous to AR12 (Hansen et al., 1989) but supplied with the sac6 gene, which causes the bacteria to degenerate in 6% sucrose. Roots of Agrobacterium-free plants were inoculated with Rhizobium loti NZP2037 to produce transgenic root nodules. Crude extracts from roots and nodules were prepared according to Hansen et al. (1989) .
Biochemical Assays
Activity from the CAT reporter gene was measured in eight to 12 plants as previously described (Stougaard et al., 1986 (Stougaard et al., , 1987 . GUS activity from the GUS marker gene was measured by fluorometric assay (Jefferson et al., 1987) .
